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The MOND paradigm posits a departure from standard Newtonian dynamics, and from General 
Relativity, in the limit of small accelerations. The resulting modified dynamics aim to account 
for the mass discrepancies in the universe without non-baryonic dark matter 1 briefly review 
this paradigm with its basic tenets, and its underlying theories-nonrelativistic and relativistic- 
including a novel, bimetric MOND gravity theory. I also comment on MOND's possible connec- 
tion to, and origin in, the cosmological state of the universe at large. Some of its main predictions, 
achievements, and remaining desiderata are listed. 1 then succinctly pit MOND against the com- 
peting paradigm of standard dynamics with cold, dark matter. 

Some of the complaints leveled at MOND are: (i) "MOND was designed to fit rotation curves; 
so no wonder it is so successful in predicting them". This is both incorrect and quibbling: The 
first ever MOND rotation curve analysis was undertaken more then four years after the advent of 
MOND. And, even if MOND, epitomized by a very simple formula, could have been designed 
to predict hundreds of rotation curves, it would still be a great achievement, (ii) "MOND outper- 
forms CDM only on small, galactic scales, where formation physics is anyhow very messy, but 
falls behind in accounting for 'simpler', large-scale phenomena". Quite contrarily, all the salient 
MOND predictions on galactic scales follow as unavoidable, simple, and immediate corollaries 
of the ^htory -independent of any messy formation scenario-]\ist as Kepler's laws, obeyed by all 
planetary systems, follow from an underlying theory, not from complex formation scenarios. To 
think, as dark-matter advocates say they do, that the universal MOND regularities exhibited by 
galaxies will one day be shown to somehow follow from complex formation processes, is, to my 
mind, a delusion. What is left for MOND to explain on large scales is a little in comparison, and 
has to await a full fledged relativistic MOND theory, (iii) "The 'bullet cluster' shows that MOND 
still requires some matter that is dark". Yes, it has long been known that MOND does not fully 
remove the mass discrepancy in the cores of galaxy clusters. Some additional still-dark matter is 
needed. But this need not be THE "dark matter"; a small amount of the still-missing baryons, in 
some dark form (dead stars? cold gas clouds?), or perhaps (sterile?) neutrinos, could fit the bill. 
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1. MOND introduced 

MOND, or modified dynamics, was propounded in the early 1980s [1], as a new theory of 
dynamics that accounts for the mass discrepancies in galactic systems without non-baryonic dark 
matter (DM). MOND hinges on the fact that the typical accelerations in such systems are many 
orders of magnitude smaller than those encountered in the solar system. It may be viewed, in some 
sense, as a modification of standard dynamics at "low accelerations". Some reviews of MOND can 
be found in [2, 3, 4, 5]. A historical account of DM and the MOND paradigms can be found in [6]. 

I start with some basic axioms for the new dynamics, such axioms as was the constancy of the 
speed hght in special relativity, the equivalence of acceleration and gravity in General Relativity 
(GR), or the parceUng of the radiation field in quantum theory. The reason for starting with such 
axioms, and not concentrating on a specific theory right from the outset, is twofold: 1. We are not 
yet in the state where we have one universally accepted theory for MOND, even in the nonrelativis- 
tic (NR) regime. So, a set of basic principles from which to start can serve as a useful anchor and 
guide. 2. It turns out that there exists, in fact, a set of simply formulated basic tenets, from which 
alone follow a large number of major predictions, encompassing most of the basic, NR MOND 
phenomenology. These predictions are thus shared by all theories built on the axioms, which is a 
very useful knowledge. 

The basic tenets of MOND, as they apply to NR matter systems governed by gravity, such as 
the solar system or galactic systems, are: (i) Admit into physics a new constant, a^, with the di- 
mensions of acceleration. It defines the boundary between the applicability domain of the standard 
dynamics (from which it disappears) and the new dynamics (in the phenomenology of which uq 
appears extensively), qualitatively similar to how c appears in relativity, or fi in quantum physics, 
(ii) A "correspondence principle": a NR MOND theory has Newtonian dynamics as its formal 
limit when qq — 0. (iii) In the opposite, deep-MOND limit, formally defined by qq oo, while all 
masses m, ^ (or G — > 0), such that m^ao (or Gao) remain fixed, we require the theory to become 
scale invariant: dynamical evolution is invariant under (r,r) ^ A(;,r). 

In more general contexts-such as in the relativistic regime, or when non-gravitational interac- 
tions are involved-we may have to generaUze the above basic tenets. For example, we shall see 
that there are relativistic MOND theories that do not tend exactly to GR in the Umit ao ~^ (while 
their NR hmit does tend to Newtonian gravity in the limit). 

2. MOND theories 

Here, I discuss briefly theories that incorporate the basic tenets of MOND. In this connec- 
tion, note the numerical coincidence between the value of ^ 10 *cm s^^, as determined from 
numerous phenomena in which it appears (see below), and the values of some cosmological accel- 
eration parameters, as has been noted and elaborated on many times along MOND's history (e.g. 
in [1,7, 8, 9, 10, 11]). We have 

ao = Inaa k, cHq « (A/3)^/^ (2.1) 

where Hq is the Hubble constant, and A the cosmological constant (CC) as now deduced from 
various cosmological data. This striking proximity, if it is more than a mere coincidence, may be 
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an important hint in constructing MOND theories. It would be desirable (if not necessary) that a 
MOND theory should account for this numerical proximity. 

Quantum theory and relativity depart from Newtonian dynamics, in the first place, by intro- 
ducing novel world pictures. At the more "technical" level, these novel concepts then form the 
basis for specific theories described by this or that action. There are intriguing hints that MOND 
also rests on some novel world picture (e.g. [10, 12]). However, so far, the only palpable and 
"practical" progress made has been in constructing modified actions for MOND theories, based 
on the standard concepts of Newtonian dynamics and GR. These theories invariably involve some 
function, put in by hand, that interpolates between the MOND and the neoclassical (pre-MOND) 
regime. This, to my mind, testifies strongly to the "effective" nature of these theories. 

The more tractable approach for building MOND theories has, so far, proven to be modifying 
only the field equation for the gravitational potential (the Poisson equation), leaving Newton's law 
of inertia intact. In the relativistic context, the equivalent approach is to adhere to metric theories, 
keep the standard matter action of GR, with the standard (minimal) matter coupling to the metric, 
but modify the equations that determine the metric from its matter sources. I call such theories 
modified-gravity (MG) theories. 

Efforts in this direction have already yielded some NR theories, and three classes of relativistic 
MOND theories (TeVeS, MOND adaptations of Einstein-Aether theories, and BIMOND, to be 
described below). 

Other theories, loosely called "modified inertia" (Ml) theories, involve modifying Newton's 
second law, or generally, modifying the matter actions (both NR and relativistic). This approach has 
proven more difficult to implement, and remains relatively unexplored. It seems to me, however, 
to be an attractive avenue, worth pursuing; it is a natural framework for connecting MOND with 
cosmology, as perhaps pointed to by the above coincidence. Some more detailed results on this 
approach can be found in [8, 10, 13]. 

The new physics entailed by MOND shows up in full force only in galactic systems, whose 
dynamics is governed by gravity. It is thus difficult to distinguish observationally between the two 
classes. Important differences in the predictions of the two classes of theories exist even for purely 
gravitational systems, but they have, so far, not been brought to bear on the question of which of 
the two approaches is phenomenologically superior to the other. 

I now describe briefly some of the MOND theories propounded to date. 

2.1 Nonrelativistic theories 

2.1.1 Nonlinear Poisson equation for the gravitational potential 

For a gravitating system made of point-hke, individually-test masses, whose trajectories are 
r,(f), we have [14] 



derived from a generalized Poisson action. In the limit ao — > 0: (a: — >^ oo) — >^ 1 . In the deep-MOND 
limit (flo -> a^G constant): the first eq.(2.2) implies that ^ has zero dimensions under scaling, 
and thus for the second eq.(2.2) to give scale invariance we have to have 



r, = -V0(r,), 



V-[M(|V(/)|/ao)V0]=4;rGp, 



(2.2) 



;U(X< 1) 



(2.3) 
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and we normalize oq so equality holds. The nonlinear Poisson equation for the gravitational poten- 
tial 0, thus reduces to the 3-harmonic Poisson equation V • (|V^|V0) = AnGaop. 

The theory then becomes invariant to conformal transformations in space, with many applica- 
tions and possible matter-of-principle ramifications [15, 12]. 

2.1.2 QuasUinear formulation (QUMOND) 

The field equations for the gravitational potential (derived from an action) are here [16] 

A(^ = V-[v(|V0*|/ao)V0*], where =AnGp. (2.4) 

This requires solving only a linear Poisson equation (twice), and is rather easier to solve than the 
nonlinear Poisson equation. Scale invariance in the deep-MOND limit dictates y^l^viy — )■ 0) — >■ 
const, (again oq normahzed so that the limit is 1). 

2.1.3 "Modified inertia" 

In [8], I considered (NR) action-based theories, whereby the gravitational potential is still 
determined from the Poisson equation, but the particle equation of motion is of the form 

A[{r(0},ao] = -V(;>, (2.5) 

(replacing i' = where A is a functional of the whole trajectory {r(f)}, with the dimensions 

of acceleration. For ao ^ 0, A — > r. Here, ^ has dimension — 1 under scaling (from the Poisson 
equation); so, to have scale invariance in the deep-MOND limit, we have to have 

A[{r(0},ao]^«o'Q(MO}), (2-6) 

where Q has dimensions of acceleration squared. 

I showed that if such an equation of motion is to follow from an action principle, enjoy Galilei 
invariance, and have the above Newtonian and MOND Umits, it has to be time nonlocal.^ Such 
nonlocal theories (which also have to be nonlinear-an inherent property of MOND theories) are 
not easy to construct. We do not yet have a fully acceptable theory in this vein, even in the NR 
regime. Only some toy theories have been partly explored [8, 10, 13]. In particular, in [10], I 
discussed a heuristic idea, whereby MOND, indeed inertia itself, can result from an effect of the 
vacuum, and where the origin of ao in cosmology also emerges, as per eq.(2.1). The vacuum then 
serves as an absolute inertial frame (acceleration with respect to the vacuum is detectable, e.g., 
through the Unruh effect). 

There is an important and robust prediction shared by all theories in the class: For circular 
trajectories in an axisymmetric potential, eq.(2.5) has to take the form 

H{V^/Rao)V^/R = -d(j) /dR, (2.7) 

where, V and R are the orbital speed and radius, and iJ.{x) is universal for the theory, and is derived 
from the expression of the action speciaUzed to circular trajectories; ;u(x^l)Rix, /i(xS>l)~l. 

^An interesting possibility, which I have explored only superficially, is of a local theory that enjoys a symmetry 
other than Galilei, which reduces to Galilei invariance for uq — )■ 0. 
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Thus even without specifying the theory, this class makes a very useful prediction for galaxy rota- 
tion curves (RC). It is, indeed, eq.(2.7)-which gives the MOND RC in simple terms of the New- 
tonian curve-that has been used in all MOND RC analyses to date. The predictions of modified- 
gravity theories are less straightforward to compute, and require a computation of the whole gravi- 
tational field for each galaxy anew. 

2.2 Relativistic theories 

2.2.1 TeVeS 

The Tensor- Vector-Scalar (TeVeS), relativistic formulation of MOND, has been put forth by 
Bekenstein [17], building on ideas by Sanders [18]. The theory has been discussed and reviewed 
extensively (e.g., recently, in [19, 20]); so I describe it very briefly. 

Gravity is carried by a metric ga^,& vector field '^a, and a scalar field 0, while matter degrees 
of freedom couple minimally to the "physical" metric = e^^'^ {g^j^ + ^a^ji) — e^'^'^a'^p- 

TeVeS reproduces MOND phenomenology for galactic systems in the NR limit, with a certain 
combination of its constants playing the role of gq. In particular, when gq — > 0, the NR limit goes 
to Newtonian gravity. However, the relativistic theory does not go exactly to GR in the same limit. 
This departure of TeVeS from GR even for very high accelerations might leave observable effects 
in the solar system (see, e.g., [21]). 

As in GR, the potential that appears in the expression for lensing by NR masses (such as 
galactic systems) is the same as that which governs the motion of massive particles. 

Cosmology, the CMB, and structure formation in TeVeS have been considered in [22, 23, 
24, 25, 26]. It was shown that there are elements in TeVeS that could mimic cosmological DM, 
although no fully satisfactory application of TeVeS to cosmology has been demonstrated. 

Gravitational waves in TeVeS have been considered in [17, 27]. 

2.2.2 MOND versions of Einstein-Aether theories 

Zlosnik et al. [28] have proposed and discussed MOND adaptations of Einstein- Aether (EA) 
theories. In EA theories (e.g., [29], and references therein), gravity is carried by a metric, g^y, as 
well as a vector field. A". To the standard Einstein-Hilbert Lagrangian for the metric one adds the 
terms 

^iA,g) = ^^{J^)+^L, (2.8) 

where 

jr = ao2j^^SV;«A^.^. (2.9) 

^rf = c,g"Pgya + c25^5Uc3S^S^+c4A''APgra, 

and is a Lagrange multiplier term that forces the vector to be of unit length. The asymptotic 
behavior of at small and large arguments, give the deep-MOND behavior and GR, respectively. 

2.2.3 Bimetric MOND gravity 

Bimetric MOND gravity (BIMOND) [30, 31, 32] is a class of relativistic theories governed by 
the action 

/= - / [i3g'/'^ + «l'/'^-2(g|)'/'a^^]^/^x+/;>,(g^v,V^i)+4av,V)^/)- (2.10) 
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It involves two metrics, g^y and g^y, whose Ricci scalars are R and R{c= 1). ^ is a dimension- 
less, scalar function of the two metrics and their first derivatives. 

The novelty in BlMOND-compared with earlier bimetric theories, much discussed since the 
early 1970s-is in the choice of the interaction term. The difference of the two Levi-Civita connec- 
tions 

^Py = ~ ^^7' (2-11) 

is a tensor that acts like the relative gravitational accelerations of the two sectors. This is partic- 
ularly germane in the context of MOND, where, with oq at our disposal, we can construct from 
a^^Cp^ dimensionless scalars to serve as variables on which ^ depends. In particular, the scalars 
constructed from the quadratic tensor 

■""j"^ ^ ^JiX^vj ~ ^Jiv^ly^ (2.12) 

have particular appeal; e.g., 

T = g'^%v, t = |'^%v (2.13) 

The terms Im and Im are the matter actions for standard matter and for putative twin matter 
(TM), whose existence is suggested (but not required) by the double metric nature of the theory. 
Matter degrees of freedom y/; couple only to the standard metric g^y, while TM couples only to 
g^y. In matter-TM symmetric versions of the theory, assumed below for concreteness, we have 
a = j3, and g^y, g^y appear symmetrically in There are good reasons to take j3 1. 

Matter equations of motion in the two sectors, are the standard ones, each with its own metric. 

The gravitational field equations are 

i3G,, + V = -87rG^Mv, i3G,, + 5,, = -8;rG4tv, (2.14) 

with Gj,v, Gfiv the respective Einstein tensors, and ^^y, the energy-momentum tensors for the 
two sectors. 

The tensors Sf^y and have the schematic forms 

S^,y = mC}iv);X +N{C'-}^y+alPg^y, S^y = {Q {C}j,yU + N {C^ } ^y + g ^y , (2.15) 

where {C} are tensors linear, and {C^} quadratic, in C^^. 

Here are, briefly, some consequences expanded on in [30, 31, 32], assuming (5 = a = I. 

Imposing ^'{z -^o°) ^0, the limit of the theory for ao 0, is two uncoupled copies of GR 
with a CC, A ~ ag^(oo). 

For the choice of scalar arguments as in eq.(2.13), we get in the NR limit g^y r]^y — 2^5^y, 
as in GR, but here <j> is determined from a NR MOND theory. Thus, massive test particles and 
photons "see" the same potential. 

BIMOND, with its two metrics, naturally accommodates TM. Matter and TM do not interact 
at all in the high-acceleration regime, and repel each other in the MOND regime [31]: In the deep- 
MOND regime, TM behaves as having a gravitational mass opposite in sign to that of matter. This 
fits naturally with the (space) conformal invariance of the theory in this limit. 

Exactly symmetric matter-TM systems obey GR with a CC, A ~ aQ^{0). 
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Cosmology is preliminarily discussed in [33, 30, 32]: In an interesting special case, where 
the universe is matter-TM symmetric, there are no MOND effects, apart for the appearance of the 
CC, ~ Qq. The "coincidence" (2.1) thus follows naturally in BIMOND. In this case cosmology 
is the standard FRW one, with a CC, retaining the successes of early-universe cosmology, such 
as nucleosynthesis. Other MOND effects, cosmological and local, only appear with matter-TM 
separation (or if there is no TM). The expected CMB fluctuations in BIMOND have not been 
studied yet. 

Structure formation: some aspects, relevant to weak-inhomogeneities, are discussed in [32]. 
Even in a symmetric universe, if the initial quantum fluctuations are not identical in the two sectors, 
matter and TM segregate efficiently, since density differences grow much faster that the sum. The 
inhomogeneities of the two matter types develop, eventually, into mutually avoiding, cosmic webs. 

S^v in eqs.(2.14)(2.15) can act as the energy-momentum tensor of cosmological DM, beside 
its contribution to the CC. 

Note that the MOND limit occurs, in BIMOND, when the acceleration difference in the two 
sectors is small compared with ao- This quantity nearly equals the matter acceleration alone, in 
pure-matter systems-such as presumably are the well scrutinized systems (stars, galaxies, etc.)-but 
not in well mixed matter-TM configurations. 

2.3 Theories with microscopic basis 

There are suggestions to obtain MOND phenomenology in various microscopic-physics sce- 
narios. For example, an omnipresent, polarizable, dark-mater medium [11], an assumption of 
properly tailored baryon-DM interactions [34], the "dark fluid" approach [35], various versions of 
gravity as an entropic effect [36, 37, 38], vacuum effects [10], and Hofava gravity [39]. 

3. MOND phenomenology 
3.1 Kepler-hke laws 

Clearly, each MOND theory has its own specific predictions regarding the dynamics of grav- 
itating systems, such as planetary systems, galaxies, galactic systems, and the universe at large. It 
is possible, however, to distill from these a number of predicted, general laws. This is analogous to 
the extraction of Kepler's laws from Newtonian dynamics. What is more, many of these corollaries 
follow essentially only from the basic tenets of MOND, and are thus valid in all MOND theories. It 
is also noteworthy that these MOND laws are independent from the DM point of view, in the sense 
that one can construct, for example, model populations of baryons-plus-DM galaxies that satisfy 
any subset of these corollaries, but not the others. This means that in the framework of the DM 
paradigm they would each require a separate explanation. Following are a few of these corollaries. 

• Asymptotic independence of orbital velocities on the size of the orbit: Under space-time 
scaling, radii scale, but velocities do not, resulting in radius-independent orbital velocities in 
the MOND regime (large radii) around a point mass, M, (or around any mass well within the 
orbital radius). This fact underlies the prediction of asymptotically fiat RCs of disc galaxies: 
V{r) Voc. See Figs. 2 and 3. 
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Figure 1: The total baryonic mass of disc galaxies plotted against the plateau (asymptotic) rotational speed. 
The (yellow) band is the MOND prediction (whose width represents the uncertainty in ao as determined by 
the data). From [40]. 



• The mass-asymptotic-velocity relation: With only uq available as a new dimensioned con- 
stant, we must have (equality, rather than proportionality, defines the normalization of qq) 

Vt=MGao. (3.1) 

This prediction underlies the observed baryonic TuUy -Fisher relation (see Fig. 1). The data 
is consistent with zero intrinsic scatter about the MOND prediction [40]. 

• In galaxies where > qq in the inner parts, the mass discrepancy appears always around 
the radius where V^//? = a^, amply vindicated in many analyses. 

• Isothermal spheres (IS)-approximating ellipticals and other spherical stellar systems-must 
have mean surface densities L < ao/G: Newtonian ISs have, perforce, infinite mass. In 
IVIOND, they have a finite mass, but their mean acceleration has to be {a) < oq to enjoy the 
MOND protection ({a) ~ GZ). (Non-isothermal spheres, such as stars, can have arbitrarily 
high £.) For comparison with the data see e.g., [41] 
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• For pressure-supported systems, characterized by a velocity dispersion a, the ratio 7] = 

has to be of order unity, but depends somewhat on the definition of a, on the degree of 

isotropy, on the proximity to the MOND regime, etc. This prediction underlays the observed 
Faber-Jackson relation between the luminosity and velocity dispersion of elliptical galax- 
ies, and extends to globular clusters, galaxy clusters, etc. (e.g., [41]). Intrinsic scatter, or 
systematic deviation, is predicted because of possible scatter, or systematics, in r\ . 

• The central surface density of "dark halos" is pa oq/ItzG [42, 43, 44]. 

• Added stability of discs with JL<ao/G; i.e., discs whose bulk is in the MOND regime, where 
accelerations scale asa<x M'^^, instead of the Newtonian ao^M. Thus 5a/a = (1/2)5M/M, 
leading to a weaker response to perturbations [45]. 

• Disc galaxies have both a disc AND a spherical "DM" components [46]. 

• MOND theories are inherently nonlinear. This leads to a generic prediction of an "External- 
field effect" (EFE): The internal dynamics in a subsystem is affected by the acceleration with 
which it is falling in a mother system. MOND theories do not obey the strong equivalence 
principle, which prevents such effects in GR. 



3.2 Rotation curves of disc galaxies 

At present, full rotation curve (RC) analysis of disc galaxies, constitutes, arguably, the most 
comprehensive and robust manifestation of the mass discrepancy, and offers the best touchstone for 
testing alternative dynamics. Given the distribution of baryons in a galaxy, A MOND MG theory 
predicts the full gravitational field of the galaxy. In particular, it predicts the field in the midplane, 
which, in turn, determines the rotation curve. In MI theories, the gravitational field is the standard 
one, but particle trajectories are predicted by the specific theory. Even though we do not yet have 
a full-fledged MI MOND theory, as already mentioned, it can be shown that all such theories 
predict a simple, universal, algebraic relation between the MOND and Newtonian accelerations, on 
circular orbits, in an axisymmetric potential: relation (2.7); enough to predict the RC for a given 
galaxy. This relation was used in all MOND RC analyses to date. The exact choice of the universal 
function [x{x) appearing in eq.(2.7) turns out to affect only a little the predicted RCs [given that it 
satisfies the required asymptotic Umits /i(x<IC 1) ^x, [x{x:$> 1) 1]. Small differences between 
the predictions of different forms of for high-acceleration galaxies, do exist, of course, and 
are being explored.^ Some computations of RC predictions of MG theories have shown that these 
do not differ much from those of MI, although differences do exist, and can, in principle, be used to 
distinguish between the two classes of theories.^ Part of the reason that the predictions of the two 
classes of theories are similar, is that the general form of the RC is predicted by the basic MOND 

^For the many low-acceleration galaxies that have been analyzed, where a ao everywhere in the galaxy, only the 
x<^l behavior of enters. 

^some of the differences may perhaps be compensated by adjusting the choice of the interpolating functions 
which appears in both classes. Note that ii{x) appears in different ways in the two theory types. In existing MG theories 
H appears in the gravitational action, and would enter all phenomena; in MI formulations, /J, pertains only to circular 
orbits in axisymmetric potentials. 
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Figure 2: Rotation curves for galaxies across the gamut of RC types, from low-mass-low-speed galaxies 
that are everywhere of low-acceleration, to high-mass-high-speed galaxies that have high accelerations in 
the inner parts. The solid lines are the MOND curves; other lines are Newtonian contributions from the stars 
and gas (from [2], [47], and curtesy of Bob Sanders). 



tenets and so is shared by all MOND theories."* Additionally, for spherical systems, a relation of 
the form (2.7) is also exact for MG formulations. 

Contrary to MOND, DM does not predict the RCs of individual galaxies from the baryon 
distribution. One can, at best, try to fit a DM halo, taken from a several-parameter family of DM 
halos predicted by this or that concept of DM (for example, the NFW-like halos predicted by CDM). 

Figures. 2 and 3 show some MOND rotation curves for disc galaxies. In Fig. 2, 1 put together 
galaxies covering a large part of the range of galaxy types. Some of these show that the predicted 
MOND curves reproduce even local features on the observed RC. These features can be traced 
back to features in the baryon mass distribution of the galactic disc. They tend to wash out even in 
the best DM fits, since it is not expected that the same feature that appears in the disc-like baryon 
distribution, also appears in the spheroidal DM mass distribution. 

3.3 Elliptical galaxies 

The acceleration field around elliptical galaxies has to be probed by means other then RCs; 
these are generically less robust. There are, e.g., several strong-lensing studies, which probe the 
very inner parts; they are inconclusive, as the deduced mass discrepancies there are small and 

^The asymptotic velocity is predicted to be constant and its value determined uniquely from the total mass, and, the 
velocity starts from zero at the center. In a high acceleration galaxy, the predicted velocity takes the Newtonian values 
roughly up to the radius, R, where V{R)^/R = aq, then the MOND behavior takes over. 



10 



New physics at low accelerations 



Mordehai Milgrom 




Figure 3: More MOND results for galaxy RCs (from [2]). The solid lines are the MOND curves; the other 
curves are based on Newtonian dynamics: for the stellar disc (dots), gas (dash dots), and stellar bulge (long 
dashed) contributions. 

uncertain. Concentrating on studies that go to large galactic radii of isolated elliptical galaxies, 
I mention here the analyses of [48] and [49], who find good agreement with MOND prediction, 
in analyses based on planetary-nebulae, or companion-galaxy, probes. Recently, [50] published a 
mass analysis of the isolated elliptical NGC 720, based of x-ray-gas hydrostatics. They find that 
the mass discrepancy at a radius of lOOKpc is ^ 10. I note here that this is in very good agreement 
with the prediction of MOND: The MOND acceleration there is g(100Kpc)/ao =xk, 0.11, and 
the predicted discrepancy is l/ix{x), which is 1/x for small x. 

3.4 Systems of galaxies 

MOND has been tested also on systems of galaxies, for example, on poor galaxy groups, in 
[51], and on super clusters; e.g., in [52]. These analyses showed that the very large mass discrep- 
ancies shown by these systems disappear in MOND, within the uncertainties. 

However, analyses of galaxy clusters, employing x-ray-gas hydrostatics, and gravitational 
lensing, shows a persistent, remaining mass discrepancy, even when MOND is used (see e.g., 
[53, 54], and references therein, for earher findings to this effect, going back to the early 1990s): 
The typical mass discrepancy of galaxy clusters within a few megaparces of the center, which by 
standard dynamics is of the order of a factor 10, is reduced in MOND to about a factor of two 
only. The deduced density distribution of the MOND "phantom" DM is similar to that of galaxies, 
and is rather more centrally concentrated than that of the x-ray gas, which makes the lion share 
of the baryons. As a result, the remaining mass discrepancy is rather more pronounced near the 
centers of the clusters. A more detailed discussion of this remaining discrepancy, and of possible 
explanations of it, are reviewed in [55], advocating, specifically, that the discrepancy is due to yet 
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undetected baryons in clusters. Other suggestions involve neutrinos as the remaining cluster DM 
[56, 57]. The much bruited discrepancy shown by the colUding, double "bullet cluster", is exactly 
what is expected from previous analyses of single clusters, and does not further redound to the 
cluster conundrum in MOND. 

3.5 Cosmological "dark matter" 

Accounting fully for all the cosmological effects attributed conventionally to cosmological 
DM, is a remaining challenge for MOND. (The effects of "dark energy" can be naturally gotten 
in MOND theories, without "dark energy", as we saw above, e.g., in connection with BIMOND.) 
As has been amply shown, there are MOND effects that mimic some aspects of cosmological DM 
(e.g., the enhanced rate of the growth of perturbations, which occurs in MOND because gravity is 
augmented at low accelerations). But a full accounting may have to await the advent of a funda- 
mental theory of MOND. I discuss this issue some more in the last section. 

4. ao and its significance 

As shown in sec. 3.1, ao appears in various laws predicted by MOND; its value is determined, 
consistently, by matching these predictions to the data. Thus, ao, and the associated MOND phe- 
nomenology, is here to stay, no matter what the interpretation of MOND is. Arguably, the best 
constraints on ao come from the measured proportionality factor of the mass-asymptotic speed 
relation (3.1), and from more detailed rotation-curve analysis (for a recent account of such deter- 
minations, see [40]). As shown by eq.(2.1), the value found oq = (1.20 it 0.25) x 10~^cm s~-^, is 
near some cosmologically significant accelerations. Is this a mere coincidence? Assuming that it 
is not, and that it does have a fundamental significance, several questions arise: Is the approximate 
equality do ~ cHq, where Hq is today's Hubble constant, the more fundamental one, and the second 
equality is then just a result of the celebrated and mysterious "cosmic coincidence" //q « A/3? In 
this case, does this signify that ao varies with cosmic time in proportion to the expansion rate, so as 
to maintain the equality at all times? Then, antropic explanations of the cosmic coincidence suggest 
themselves ( [7, 9]). Is the second equality, do ~ c(A/3)^/^, the more fundamental one? Is then 
ao, as is purportedly A, a veritable constant? In either case, the information about the state of the 
universe at large, encoded in Ho and/or A, somehow has to enter local dynamics in small systems, 
such as galaxies (as discussed, e.g., in [10]). Alternatively, we can have a scheme in which the ao 
appears in some underlying theory of MOND, and so it both fixes the CC, and also appears in local 
dynamics. This happens, e.g., in the theory discussed in [1 1], and in BIMOND [30]. 

The double equality (2.1) doubles the mystery of the cosmic coincidence: not only is the 
expansion rate today comparable with the (fixed?) value of (A/3) but both are comparable with 
an acceleration constant that appears ubiquitously in the dynamics of galactic systems. 

Another observation that might indicate a connection of the local physics inherent in MOND 
with cosmology, is the aforementioned space conformal invariance of the deep-MOND Umit of 
some NR versions of MOND. This invariance completes the space symmetry group of the theory 
to SO(4,l), which is the geometrical symmetry group of a de Sitter space-time [12]. 
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5. MONO vs CDM 

MOND and standard-dynamics-plus-DM are two competing paradigms now practiced side by 
side, with the adherents of each complacently pointing to the successes of their own favorite, and to 
the shortcomings of its competitor. The two are, however, not sister paradigms to be tested on the 
same touchstones. They account for the observed mass discrepancies in the universe in completely 
different ways, and judging them calls for different criteria. Take, for instance, the analysis of 
rotation curves by the two paradigms: It does not make good sense to judge with the same eye, and 
on equal footing, the agreement between the observed and theoretical curves for the two paradigms, 
since the MOND curves are inescapable predictions, while the DM theoretical curves are only fits, 
affording great latitude (usually with two parameters). 

Consider, specifically, the now prevalent version of DM: the cold dark matter (CDM) paradigm. 
According to this picture, the mass discrepancies observed today in galactic systems are an outcome 
of the varied and turbulent histories of individual systems. Such histories involve the initial collapse 
of the system, possible mergers with other systems, violent collisions, gas accretion, dissipation, 
baryon heating and cooling, loss of matter from the system due to supernova explosions, AGN 
activity, and ram-pressure stripping, etc., etc. Under these processes, the dissipative and interactive 
baryons undergo very different influences from the presumably weakly interacting CDM. Thus the 
resulting relations between the distribution of the CDM and that of the baryons in a given system- 
which encapsulates the mass discrepancy-depend very strongly on the details of the history. These 
details are not known, and cannot be known, for a given individual system. CDM can thus not, 
generically, predict the mass discrepancy and its distribution, in an individual object (given the ob- 
served baryon distribution). One interesting and crucial exception to this concerns tidal dwarfs: the 
small "phoenix" galaxies that are bom in gas tails produced in the aftermath of high-speed galaxy 
collisions. These dwarfs are formed in one, relatively clean, process, whereby previous history is 
erased. CDM predicts robustly that practically no DM finds its way into these dwarfs, contrary to 
what is claimed to be observed (see, e.g., [58, 59]). MOND does predict correctly the observed 
mass discrepancies in such systems. 

If not predicting the details of the mass discrepancies in individual systems, can CDM predict, 
at least, general statistical correlations between DM and baryons in galactic systems, such as the 
different mass-velocity relations? These too would result from the above mentioned complicated, 
and little understood, physical processes, especially those involving the baryons. In CDM, attempts 
to predict such general correlations employ so called semi-analytic models. These purport to ac- 
count for the complicated physical processes, putting in by hand all sorts of recipes, and formulas. 
But they are all based on guesses that, while educated, are quite unreUable. In any event, such 
considerations should necessarily lead to correlations with very large scattering, as the haphazard 
element cannot be avoided-while the observed correlations are known to be very tight. 

What CDM can perhaps do well is predict statistical properties of pure CDM haloes-inasmuch 
as they are only little affected by the small amount of baryons now left in them. For example, the 
general statistics of halo population, and properties of the density distribution within a halo. It is 
well known, however, that the most straightforward predictions of this type (regarding, for example, 
the number of satelUte halos, and the central density cusp predicted for CDM halos) are in conflict 
with observations; attempts to excuse such conflicts require high contortion skills. 
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In contrast, in MOND, all aspects of the mass discrepancies are inescapable predictions, in- 
dependent of the exact system history, and furthermore they all follow from the distribution of the 
baryons alone. 

Epistemologically, the situation is similar to that concerning planetary systems, where we all 
agree on the underlying dynamics. Many of the properties of planetary systems at a given time- 
such as the number of planets, their masses, compositions, and orbital radii-result from their com- 
plicated, and rather poorly understood, formation and evolution history. But other properties-such 
as those epitomized by Kepler's laws, and the dependence of Kepler's constant on the mass of the 
central star-are inescapable consequences of an undisputed, underlying theory of dynamics. We 
see in galaxies phenomenological laws that are as robust as Kepler's laws were, when they were 
recognized in the solar system, and which are universal. Does it make more sense to deduce that 
such regularities somehow resulted from a complicated and haphazard formation history of galax- 
ies, or to accept that they are inevitable consequences of some appropriate underlying dynamics? 

The main challenge that DM advocates now level at the MOND camp-as also echoed in this 
conference-is the remaining unproven ability of a MOND extension to account, as well as CDM 
does, for some cosmological observations-such as some aspects of the CMB power spectrum, and 
some aspects of large-scale structure. This is true: what standard dynamics has managed to explain 
in cosmology by invoking cosmological DM has not yet been shown to be fully accounted for by a 
relativistic MOND version (the effects of "dark energy" can be naturally accounted for in MOND, 
as 1 mentioned above in connection with BIMOND). TeVeS does go some way in this direction, 
but not fully, and BIMOND 's implications on these points have not been explored enough, to say 
nothing of other possible MOND theories. 

It has to be remembered, however, that what has already been accounted for by MOND in 
galaxies is much more than what still remains to be achieved in cosmology. In a sense, each galaxy 
is a universe of its own, offering as much data to be matched by a theory, as does cosmology at 
large. Newtonian dynamics was, after all, deduced with only one "mini-universe" in mind-the 
solar system. There is no reason to doubt that some relativistic version of MOND will be capable 
of accounting for the (epistemologically) little that still remains to be explained. 
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